INTRODUCTION
Air pollution and climate change, together with the rapid depletion of fossil fuels is driving change across the transport technology sector. Compressed air engines have the potential to provide a significant contribution to the transport sector. Compressed air engines have been studied and used many decades [1, 2] , but have recently received a new level of performance and capability by the introduction of Heat Exchange Fluids (HEF) [3] . By way of example, the Dearman Engine is a high efficiency Rankine-cycle expander engine, developed specifically for use with liquid air or liquid nitrogen. It uses the same pressurise-vaporiseexpand-exhaust cycle as other open-cycle Rankine devices, but is differentiated by its incylinder heat transfer process [4] , in which HEF is used as a heat reservoir to provide extra heat during the expansion stroke to increase the power output.
Pressure losses through the intake and exhaust systems, particularly valves, contribute significantly to system inefficiency. Therefore, a deeper understanding of high pressure flows through the intake tract and the valves is essential to allow designs of engines with optimal performance and to achieve maximum volumetric efficiency.
Although engine poppet valve flows with their respective pressure drops have been investigated as early as 1906 [5] , the first research on intermittent flow coefficients was reported in the 1939 and early 1946 [6, 7] . Stanitz et al [7] concluded that there is a slight increase of the flow coefficient with increasing pressure drop across the inlet valves. Trends in the test data also indicated that the average steady-state and the intermittent flow coefficient were approximately equal for lower engine speeds but the intermittent flow coefficient becomes progressively less than the steady-state equivalent as the engine speed increases. However, although the pressure drops across the inlet valves are relatively small in naturally aspirated Internal Combustion (IC) engines, they can be more than an order of magnitude larger in a compressed air engine and need to be weighted accordingly for the correct determination of the valve flow coefficients.
Fundamental research by Perry [8] on compressible gases through a range of orifices has shown that when the downstream pressure decreases, the mass flow rate did increase. This increase in mass flow continues even after the critical pressure ratio has been passed. This contradicts the expectation of choked mass flow experienced at the critical (sonic) pressure ratio. It was attributed to the change in boundary conditions at the exit planes when the gas separated to form a free jet. Alder et al [9] described how a jet becomes supersonic with its boundaries expanding to adjust to the lower surrounding downstream chamber pressure resulting in a higher flow rate.
A distinction between one-dimensional choking and multi-dimensional choking is therefore very important in determining the flow coefficient for high pressure valve flow. When the one-dimensional mass flow rate is constant for all pressure ratios less than or equal to the critical value, the flow is considered to be one-dimensionally choked. The actual mass flow rate (ṁ) increases with increasing upstream pressure (i.e. decreasing pressure ratio) beyond the critical value due to the changing shape and location of the multi-dimensional sonic surface around the plane of the orifice lip. In comprehensive theoretical studies by Alder et al. [9] and Jobson [10] , a numerical solution of choked and supercritical orifice gas flows tries to explain the increase of flow rate beyond the critical pressure ratio as the downstream jet is becoming supersonic. The pressure ratio needs to be low in order for the position of the sonic surface to stabilize in shape and position, thereby allowing the flow to "choke". Experimental results from for instance Browser et al. [11] underlined the theoretical studies mentioned earlier and showed the onset of choking being approximately 50% lower than the critical pressure ratio.
In more recent work [12, 13] investigating the flow characteristics of fast switching electropneumatic valves for a wide range of downstream/upstream pressure ratios, simplified onedimensional simulations based on Perry's correlation provided a fast and reliable method for the determination of dynamic valve flow coefficients. This modelling approach can assist with early engineering decisions and avoids more costly and time-consuming 3D-CFD (Computational Fluid Dynamics) calculations and experimentation.
In an air engine, the transition towards transient conditions in the intake tract and across the valve gap has to be considered when high inlet pressures and short valve timing are prevalent, with its influence on mass flow rate and hence volumetric efficiency. The investigation presented in this paper describes a test rig enabling novel non-standard dynamic valve flow measurements that allows the characterisation of high pressure poppet valve flow. Through a combination of variable valve timing and a parked but adjustable (i.e. indexed) piston position, both the steady-state and the dynamic valve flow behaviours are determined and quantified in detail. In practice, it is very beneficial to be able to predict the transient valve flow coefficients from the steady state measurements only because transient valve flow tests can be very time-consuming and expensive to cover all different flow conditions. This work has led to a better understanding of the dynamics of high pressure valve flow and can potentially simplify future testing procedures by predicting transient behaviour from steady-state flow data only.
VALVE FLOW
In a compressed air engine with high inlet pressures and short valve opening durations (for achieving maximum expansion ratio), the conditions in the intake tract and around the inlet valves are quite different from those experienced in conventional poppet valve applications, e.g. in conventional IC engines. Initial considerations of the type of inlet port modelling (quasi steady vs. non-steady) and their validation were taken into account by considering the relation of the flow frequency to viscous effects that are expressed in the Womersley number (α) [14] given by
where is the radius of the intake tract/port, the circular frequency and the kinematic viscosity of the fluid.
The Womersley number can be used to determine whether the steady-state boundary layer has been developed in a dynamic flow; therefore, it can be used to determine whether a flow field is dominated by the quasi-steady, the intermediate, or the inertia effect. The flow with Womersley number < 1.32 was reported to be quasi-steady and the flow with ≥ 28 was in an inertia dominant region. The so-called intermediate region exists when 1.32 < < 28 [15] . The Womersley number is normally applied to biological systems [16] , but has recently been extended to fully turbulent, compressible flows in bent pipes, focussing on engine research [17] .
With typical compressed nitrogen engine conditions of high inlet pressures and short valve durations, the flow conditions, according to Equation (1) are mostly inertia dominated and an unsteady modelling approach will be required.
The gas transfer process can also strongly depend on the design of intake sub-systems such as ports, manifolds and dampers and does impact on the efficiency and the performance of the engine.
As a consequence of the high pressure gas flow through the intake tract, the short valve opening can cause expansion waves to propagate back into the inlet manifold and pipe work.
These expansion waves can be reflected at open ends of the manifold causing positive pressure waves to be reflected back towards the cylinder. If the timing of these waves can be appropriately arranged through a well-designed intake tract, the positive pressure wave can cause the pressure at the inlet valve during the next valve event to be raised above the average inlet pressure, increasing the volumetric efficiency of the engine.
Real mass flow rates of liquids and gases through orifices can often differ substantially from those predicted from theory for both incompressible and compressible flows. To allow a use of time effective (and therefore low cost) algorithms that can easily and accurately predict the actual mass flow rates (̇), a correction factor called the flow coefficient has historically been incorporated, i.e. = ̇a ct ̇i deal (2) where ̇a ct is the measured mass flow rates and ̇i deal the predicted mass flow rates with no frictional loss. There are other ways of defining a flow coefficient, e.g. by introducing the concept of an effective area eff . The effective area is an area of an imaginary orifice that would produce (in an ideal case) the actual mass flow rate ̇a ct [18] . The flow coefficient in eq. (2) can then be expressed as
where geom is the geometrical area. The flow coefficient is therefore the ratio of the effective area to the geometrical orifice area. For simplicity, we can assume a flow of a compressible ideal gas through the valve, and then the mass flow rate is given by
which is a function of upstream pressure , upstream temperature , , the flow coefficient and the mass flow parameter , such that the mass flow parameter in the subsonic case is a function of / , but is constant when flow becomes sonic, i.e.
where
: Upstream pressure in manifold [Pa] : Downstream pressure in cylinder [Pa] : Ratio of specific heats [-] :
: critical pressure ratio
The flow coefficients for steady flow are generally found experimentally with adequate accuracy, but since flow aspects can change with the pressure ratio as discussed earlier, a slightly more complicated hypothesis is to assume that the flow coefficient is a function of the cylinder/manifold pressure ratio which is labelled as the downstream/upstream pressure ratio / . The so called Perry flow coefficient is generally used for sharped edged orifices [8] and can be approximated by a polynomial function of the pressure ratios
The critical pressure ratio for which the flow switches from subsonic to sonic can be calculated for nitrogen using
All models described in the rest of this paper were developed using the platform AMESIM substituted for comparing the in-cylinder pressure traces. With such a model, the effect of changes in the intake tract on torque and specific work output can be determined.
METHODOLOGY

EXPERIMENTAL SETUP
The experimental investigation focused on a purpose-built test rig that has been designed with a cylinder head and a valve actuation mechanism identical to the Dearman engine, which is a novel liquid nitrogen piston engine with high inlet manifold gas pressure (up to 10 MPa). The cylinder head comprised of two pairs of inlet and outlet valves and was mounted on top of an aluminium cylinder block and liner. A standard Yamaha Rhino piston is kept in a stationary (albeit adjustable) position with the help of a lockable crank mechanism in order to allow measurements of time and volume dependent cylinder pressure build-up.
Components of the rig are shown in Fig. 2 and described in Table 1 .
During the experiment, it was necessary to capture the thermo-physical parameters of nitrogen along its path starting from the compressed gas cylinder all the way out of the test rig. In the case of the presented rig, these parameters are the nitrogen mass flow rate, its temperatures and pressures. To monitor the dynamic behaviour of the valve flows, fast piezo-resistive pressure sensors with a natural frequency in excess of 100 kHz were used.
They were calibrated for a temperature range of -20
resulting in a deviation pressure (%FSO) of ≤ 1%.
Table 1: Characterisation of the test rig
The high pressure gas supply mimicked a particular iteration of the Dearman engine intake and supply pipe work that includes a bespoke flow damper (to minimise the flow pulsations) and a forked inlet manifold. In the tests, high pressure nitrogen was supplied by compressed nitrogen gas cylinders and regulated by a two stage regulator with 4.1 MPa maximum feed pressure.
VALVE DESIGN AND ACTUATION
The high pressure nitrogen is admitted via a pair of poppet valves and, like in a conventional For simulating realistic in-cylinder pressure profiles in a parked piston configuration, the cylinder pressure relief was managed differently to a conventional engine that uses a cranked piston-expander. Taking advantage of the short inlet valve opening events shortly after piston Top Dead Centre (TDC) as described above, a novel solution was employed by using a well-defined orifice venting the cylinder. The cross section of the orifice has to be adjusted to allow the cylinder pressure to quickly build up during filling, but to drop down to approximately 0.1 -0.2 MPa at around half the cycle (corresponding to a crank position of 180 degree or Bottom Dead Centre (BDC) in an engine). This was mechanically achieved with the help of the outlet valves and a lever connected to the outlet camshaft. Table 1 contains the salient test rig parameters used in the experiments.
FLOW CONDITIONS AND DATA ANALYSIS
The flow conditions in both the steady-state and transient experiments are summarized in 
STEADY-STATE FLOW
The flow efficiency of the entire inlet tract can be determined by measuring the mass flow rate as a function of the intake valve lifts.
In order to discuss a wider variety of valve sizes, a valve lift ( ) to valve seat diameter ( ) ratio ( / ) is generally used. IC engines typically have a maximum of / of 0.25 with racing engines approaching 0.35. For / of up to 0.15, the flow is mostly controlled by the valve lift, valve seat area as well as seat angle [20] . Higher lift flows are more dominated by the maximum size of the valve port (valve seat area). Flow separation has also been observed for increasing valve lifts where the flow can separate from the valve head and the inner edge of the valve seat [21] .
With experiments presented here with / ratio of up to 0.15, the open valve area can be described as the lateral area of a cone having its side perpendicular to the valve seat, as shown in Fig. 3 . The geometrical area is therefore given by [6] 
where is the valve lift, is the seat angle and is the inside radius of the valve seat.
Initially, a set of measurements were conducted to determine the steady-flow coefficient for an open cylinder configuration (i.e. no cylinder pressure increase). In all measurements, the mass flow is considered to be choked and hence the flow coefficient could be determined by
where is the ratio of specific heats, is the upstream density and is the upstream pressure.
DYNAMIC VALVE FLOW
The dynamic valve flow experiments were carried out using an indexed piston setup, as shown in Fig. 2 . When using an indexed piston, the cylinder pressure trace will be quite − = ⋅ Eq. (11) where is calculated by using Perry Polynomial defined in Eq. (7) and is the customdefined scaling factor which depends on the valve lift.
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The predicted pressure traces and the total mass flow rates using different scaling factors were then compared with the measured instantaneous downstream pressure and the total mass flow rate. The scaling factors which lead to the best match of both the pressure trace and the total mass flow rate were then used to calculate the instantaneous flow coefficients by Eq. (11). Therefore, this approach is effectively taking the measured cylinder pressure traces, the geometric areas, and the total mass flow rates as the boundary conditions to analytically calculate the transient valve flow coefficients. These instantaneous flow coefficients will be referred as 'measured transient flow coefficients' in this paper. Figure 4 shows the comparison between the predicted pressure traces based on these transient flow coefficients and the measured pressure trace for all transient flow conditions.
Measurement uncertainty
The measurement uncertainties for the steady state conditions are mainly attributed to the accuracy of the mass flow meter, the valve lift sensor, and the pressure transducer used to measure the upstream pressure. Through calibrations, the uncertainty of the mass flow meter was found about ±6%; the uncertainty for the valve lift sensor was about ±4%; the uncertainty for the pressure transducer is ±1%. The other fluid properties, including the gas constant and the density, are calculated directly by the NIST REFPROP using the measured instantaneous pressure and temperature. The temperature was measured using a K-type thermocouple with calibrated uncertainty of ±1% so the uncertainties for the fluid properties were below ±1.5%. Flow conditions and temperatures were stable after approximately one minute of running the rig and the data will be collected afterwards.
Therefore, the uncertainty analysis indicates the measured uncertainties for the steadystate flow coefficients were below ±7%. Figure 5 shows results for steady-state valve flow as a function of valve lift. Using Equation The results show that the modified Perry polynomial is able to provide the trend of the declining flow coefficient that is caused by the change in boundary conditions at the poppet valve's exit and the formation of a free jet. With the jet boundaries expanding due to a lower cylinder pressure (i.e. decreasing manifold/cylinder pressure ratio), the mass flow rate is finally only be limited by the sonic flow condition in the throat.
RESULTS AND DISCUSSION
STEADY-STATE VALVE FLOW RESULTS
DYNAMIC VALVE FLOW RESULTS
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The main purpose of the dynamic valve flow tests is to check whether it is feasible to predict To explain these differences we now revisit the Womersley number α given in Eq. (1) as it is effectively defined as the ratio of the pulsating inertial forces and the viscous forces. During the transient valve flow, the characteristic length ( ) in the Womersley number can be defined as the hydraulic diameter for the intake flow. A smaller valve lift means smaller hydraulic diameter so will lead to a smaller Womersley number, which means the pulsating inertial force is relatively small compared to the viscous forces. As a result, the viscous force tends to smooth out any flow disturbance so the transient flow will behave in a more similar manner to the steady state flow. With increasing valve lift, a larger Womersley number reflects increasing pulsating inertial forces which will lead to more dynamic flow conditions.
In pulsating flows in pipes, the interaction between viscous and inertial effects produces a velocity profile with significant deviation from the parabolic shape of a steady-state flow.
Loudon and Tordessillas [16] discuss how with a larger Womersley number the boundary layer thickness continues to decrease as the maximum of the velocity moves away from the centre towards the walls, contributing to higher friction losses. However, within the short valve-valve seat gap, the boundary layers will not have enough time to be formed; hence an insufficient entrance length would hinder a fully hydrodynamically developed velocity profile. In Fig. 8 , the ratio of the steady state to the transient flow coefficient is plotted against the Womersley number ( ) shows that the pressure ratio starts to deviate from unity at a critical ≈ 30. As increases, the ratio gradually increases and then converges towards a stable value at ≈1.3. This can be explained by the effect of on the boundary layer formation. As increases, the boundary layer thickness is reduced which comes together with an increase in the velocity gradient within the boundary layer to satisfy the mass continuity. A larger velocity gradient will lead to a larger frictional loss and, therefore, yielding a lower flow coefficient compared to the steady-state value (i.e. larger pressure ratio). As further increases, the boundary layer thickness will keep reducing until a point where its thickness is close to the value of relative surface roughness of the material.
Further increase in will not be able to further reduce the boundary layer thickness and therefore the frictional loss so that the ratio between the transient flow coefficient and the steady-state one converges to a single value. This region could be named as the 'fully rough region' adopted from the similar concept in internal turbulent flow where the frictional coefficient is only a function of relative roughness.
To 
